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1.. HISTORY OF THE PROGRAM

vIn September, 1963, the mm-vfave instfumentatioﬁ p?égram ’wask v-
ihitiatéd as a joint. effort between the Jet Propuléion Laboratory and the
. Electrical Engineering Department of the University of Southern California,
The JPL participation was conducted through the New Circuit Elements
Group of the Coﬁmmications Elements Research Section, which provided
equipment and personnel involved primarily with the electronic instrumen-
tation,

The Electrical Engineering Department contributed the antenna, a
converted 60-inch searchli:ght. . Personnel were pi’oviéed to design the an-
vtenna and feed system, the associated drive system, etc. 'USC personnel
also directed the astronomical aspects of observation of the lunar eclipse
of 30 December 1963, During this period, from September, 1963 to July,
1964 USC participation was sponsored by a grant from the Research Cor-
poration, Contract AJ4-205 638 fromJPL, and financial support for sal-
aries and equipment from the Electrical Engineering Department Joint
Services Grant, AF-AFOSR-496-64,

In August, 1964 a JPL study contract Was; issued to the USC Elec-
trical Engineering Department (JPL Contract No, 951 004), This contract
continued the previous work as a joint JPL-USC program. Under this con-
tract observations were made of a lunar eclipse on 19 December 1964, a
lunation study of the moon was made, instrumentation was developed, and
various atmospheric effects were studied. A second JPL study contract
(JPL Contract No. 951 424) was issued in October,_ 1965, Under this con-
tract a second lunation experiment was carried out, the sun was observed,

atmospheric effects continued to be studied, and various items of instru-



mentatién were designed and ‘studied.

A third JPL study coﬁtract (JPL Contract No, 951 756) v}as issuéd
in November',r 196.5 t:or a period of onev year, terminating in November,
1966, During the period of this contract Mr. Stéphen Slobin, a; graduate
student at USC who has been as;ociated with the joint JPL-USC Millimeter-
. wavé program since its inception, carried out the analysis and developrment
of a2 nodding subdish system (NSS), During this period Professor W, V, T.
Rusch, principal investigator, was at the Bell Telephone Laboratories in i
New Jersey on leave of absence from the University, This third study con-
tract was later extended an-additional two months until 31 December, 1967
for the purposes of investigating theoretical and experimental radiometric
techniques to measure atmospheric weather dependent parameters, and to
study the effect of variable atmospheric conditions on lunation and eclipse
sun and moon observations.

A fourth JPL study contract (JPL Contract No, 952 210) was issued "
in March 1968 for a period of one year, termi;lating in March, 1969, Be-
cause of unseasonal rains causing a delay in the observational program, this J
contract was extended at no cost until the end of April 1969. The activities
under this contract, which are the subject of this report, were primarily (1)
the development of an a:utomatic sun-tracking system, (2) the application of
this system to solar observations for the purpose of obtaining atmospheric
attenuation data, (3) continuing improvements in the nodding subdish mech-

anism,



1. INSTRUMENTATION .

| During the period of time covered by the variaus study contracts de- R

scribed in the previous section a 90-GHz (3.33 mm) ;adio telescope has
been -éeveldped using a converted 60-inch searchlight as an antenna. Pre- ‘
vious electronic éystems used in the radio telescope were standard Dicke-
type synchronous detection radiometersl’z. This radiometer scheme was
used for measuremeénts of lunar eclipses in 1963 and 1964, lunations in
1965 and 1966, and solar thermal emission studies. |

The radiometer configuration used in the above studies required the
use of a ferrite switching circulator or equivalent ferrite switching device
in the RF path between the antenna feedhorn and the mixer, This device
introduced considerable insertion loss (as high as 1 dB) in the main RF
path, thereby degrading the sensitivity of the radiometer proportionately.
Furthermore, it was anticipated that the operational frequency of the radio-
meter would be significantly increased at a later date, and the insertion loss '
of ferrite switching elements becomes prohibitive at shorter wavelengths,

Consequently a nodding subdish system (NSS) was developed which
eliminated the ferrite device in the RF path and achieved the required
switching by causing the antenna beam to alternate between the source
being observed and a nearby position in the sky'3. The beam-switching was

accomplished by mechanically nutating the hyper’boloidal subreflector inthe

1Rusch, W.V.T., S, Slobin and C, T, Stelzried, "Millimeter-Wave Radio-
metry for Radio Astronomy,' Final Report, USCEE Rept. 161, University
of Southern California, Los Angeles, California, February 1966,

2 . ,

Rusch, W. V., T., S. Slobin, and C, T. Stelzried, "Millimeter-Wave Radio-
metry for Radio Astronomy,' Final Report, USCEE Rept. 183, University
of Southern California, Los Angeles, Califomia, December 1966,



cassegfainian feed system betwegn two symmetric but off-axis Iiositipns .

A second advantage of this beam- switching configuration is the ceyncell:a-

tion of long-term (felativé to the switching rate) atmospheric noise scintilla-
nons when the scintillating area is includéd in both positions of the antenna

beam. Complete descriptions of the NSS are given in references 3 and 4.

A. IF Amplifier Development, As part of a program to increase

the overall sensitivity of the radiometer, Mr. Charles Abronson designed
and built a Mixer-IF Amplifier-Détector combination, The mixer was a

single-ended mixer on loan from the Aerospace Corporation. A diagram
of this instrument package is shown in Figure II-1 and a photograph of the

unit is shown in Figure II-2, The performance specifications were:

3dB Bandwidth: 100 MHz to 450 MHz

IF Gain: Approximately 36 dB

IF Noise Figure: Less than 2.5dB (avérage)
Video Gain: 50 dB

Video Bandwidth: DC to greater than 20 KHz

Video Amplifier )
Noise Figure: Approximately 3-4 dB, 100 Hz to 5 KHz

Detector: Backwa;'d Diode

It was planned to replace the Raytheon balanced mixer in the radio-

Slobin, S, D., "A Study of an Asymmetric Cassegrainian- Antenna Feed
System and Its Applications to Millimeter-Wave Radio-Astronomical Ob-
servations', USCEE Rept, 321, University of Southern California, Los
Angeles, California, December 1968, '

4 . A .

Rusch, W. V, T., S. Slobin, and C, T, Stelzried, "Millimeter-Wave Radio-
metry for Radio Astronomy,'" Final Report, USCEE Rept. 263, University of
Southern California, Los Angeles, California, March 1968,
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: .n;leter with this unit for field testing,with. Schottky-Barrier diodes fabricated
“in the USC Microwave-Device Laboratory. However, abrﬁpt termination of

the operational program by JPL on 30 March, 1969 prevented these tests.

B, Improvement of the Nodding Subdish System. Following the

eclipse measurements of 1967 and other field tests, it was recognized that
certain mechanical improvements could be made in the nodding subdish, An

appropriate redesign was carried out to provide the following improvements:

(1) Increase the operating speed from 2,7 to 5 cps
(2) Provide weather protection for the cam, cam followers, and
precision bearings,

(3) Provide virtually silent operation

(4) Provide permanent camway lubrication

(5) Reduce wear
The increase in operating speed from 2.7 to 5 cps with the redesigned cam
followers provided increased radiometer sensitivity as demonstrated in
previous reports made under this programs’ .

The redesign replaces the original stationary steel cam followers
with roller followers made of "Teflon TFE'", The roller is supported on a
.062 spindle provided by the redesign of the original followers, 127318-2
and 127343, Wear and noise inherent in the first experimental model will
also be reduced by this change., Use of Teflon TFE will eliminate the re-
quirement for the regular application of lubricant to the camways during
opera’cion'. '

Plastic deformation and the new cylindrical shape provide adequate

cam follower surface area to maintain the Teflon TFE follower rollers well’

"below the nﬁaximum design compression loading of 3700 psi. Undesirable



~ cold flow characteristics associated with the material are avoided by de-
. ,s‘igning for dynami'c ibading onljf Witilou;t a si‘.:é.vtic preload |

A Wéather cover, 518 and 519, warsA provided because of desireability
of protection from exposure to foreign material, This cover was made pos-
sible by the elimination of regular lubrication requirements on the camways,
The incorporation of 518 and 519 allowed access to the camways and the re-
flector and counterweight support bearings and will not interfere with any _
previously established function of the Hyperboloid Reflector Mount Assembly.

Figure II-3 shows the original subreflector configuration with the ex-
posed camways and counter\greight. - Figures II-4, II-5, and II- 6 show the modi-
fied configuration with the weather cover mounted in place, The teflon cam
followers, which may not be seen in the figures, were tested by operating
the mechanism at speeds up to 7 cps. The reduction in noise and vibration
was significant, andb, although no additional field tests were conducted, it
was concluded that the teflon followers would allow the system to operate
at frequencies considerably higher than 2,7 cps.

In the process of installing the teflon cam followers, the original
hardened steel followers were removed and examined., Magnified views of
the reflector and counterweight followers are shown in Figures II-7 and
II-8, re;spectively. The diameter of the cylindrical followers was 0,125 inch,
There is no discernible wear on the reflector follower and only a slight
amount on the counter weight follower, in Spi:te of the fact that they had been

in operation more than 108 cycles,
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1. DETERMINATION OF THE PHASE CENTER OF THE SCATTERED
FIELD FOR AN ASYMMETRIC CASSEGRAINIAN FEED SYSTEM |

. As an exténsion of work done on the last contract (JPL 951756)
and reported in an interim puj/blication (USCEE 321), computations of
phase center position for the tilted hyperboloid geometry were made.
Originally, phase center determinations were made for hyperboloid D/
values of 59,54, 24, and 10; the additional determinations were made
for D/\ ratios of 7, 4, and 2; The complete set of results are shown in
Table I1I-1, where a and { specﬁy coordmates in the coordinate system
symmetric with respect to the Earabolmd The physical- optics approx1-
mations for the current distribution are not expected to be valid for di-
ameter/wavelength ratios that are not large compared to unity, Never-
theless, it has been experimentally verified under many different condi-
tions that the calculated far-zone field based on the physical-optics currents .
is quite accurate for D/A as small as four or five,5’6 On the basis of this
experimental justification small diameters have also been included in the
analysis, although the two-wavelength result may indeed be questioned.

A determination of RMS phase deviation around the best-fit phase
centers was determined for the D/} raﬁos ranging from 59.54 down to 2,
The results are shown in Table III-2, It is seen from this table that the
RMS phase deviation around the best-fit center is less in each case than
around the origin of the symmetric coordinate system (phase center for the

non-tilted geometry.

5. Rusch, W, V. T., "Scattering of a Spherical Wave by an Arbitrary Truncated
Surface of Revolution'', TR 32-434, Jet Propulswn Laaboratory, Pasadena,
California, May 27, 1963

6. Brunstein, S. A., Private Communication.

15



A ()

a(})

D/x a{mm) Y(deg)
59.54 3.33mm 1.707 ) 5.684mm 88.11 deg
24 8.26mm 0.689 1 5.691 mm 89. 37 deg
10 19.83mm 1 0.2891 5.731 mm 94, 04 deg
7 28.30mm 0.204 1 5.766 mm 95.17 deg
4 49. 53 mm 0.117x 5.818 mm 88.58 deg
2 99,06 mm 0.062 1 6.147 mm 111.15 deg

TABLE III-1

Phase center coordinates for various hyperboloid D/} ratios.
The diameter is held constant,

16
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~IV. SUN TRACKING SYSTEM

’ ' Millimetér-\'ava.ve radio :obsér\'ra'tibzis’of a ceiesﬁai 'source- of radio‘

. energy ‘p’r:ovide' ‘a’useful measure of the effecfiv.e integratedA attem;atioﬁ 6f
the Aatmosphere in this waveleﬁgth range; This information ‘is particularly
significant f'oi the design of near-space and deep-space communicationé at
millimeter wavelengths, The Bell Telephone Labpx-'atories have established
- an automatic sun tracker to obtain a’cmosfheric data at fréquenéies of 16 and )
30 GHz (Figure IV-1) .7 A prin;ary task of this contract period was to es; |
tablish a similar sun tracking system with the existing 90-GHz radio tele-

scope and nodding-subdish system,

A, Microwave Sun Tracker. A block diagram for a microwave sun

tracker was a2nalyzed by Mr, Charles Abronson, who was working on his
Master's thesis during the period of this contract. Preliminary calcula-
tions inciicated thatan Li-band or S-band system with adequate temperature
and angular resolution to provide a sufficiéntly large control signal to main-

tain the 90-GHz beam on the sun would require prohibitively large antennas,
Consequently, further analyses were carried out oﬁly for an X-band (10-12
GHz) system. A.lthough atmospheric attenﬁation begins to become a problem
at these higﬁer frequencies, a document received from C.T. Stelzried in-
dicated that X-band system degradation is only about 3 dB in a 1. Ob inch/hour
rain for é.ngles Wit’nin<50 degrees of zenith, :
A; computer program bélonéing to the Aerospa;e Corp‘orati"on was

used to estimate the antenna temperatures available for a potential micro-

wave control signal. However, for a six-inch horn operating at X-band, a

News Release: 'Sun Used as 'Satellitﬂe‘ in Bell I.aboratories Exrpe_riment"‘,

Bell Telephone Laboratories, Inc.

18



cxaN0eL ], Ung soetacjexoqey suoydeiel 11sy 1Al sandrg

L N i s

s u - A
S . . . !
- : — -
x ST “ FERIER U
a0
N et 3
: : T

19

SR

LFY

oo

s ones

a }%,HM M«q&ﬂ o

» .



- tracking érfor of onle'r'n’inute (é.béﬁt:the ;imit qf errdr that couid be ltolerated“
'.:'i)y the 90-GHz beam) would cause a chaﬁge of antefma tézﬁ?erature less than
. 0.1 degree Kelvir{. | Since this value was smal}.eri than the probable RMS jitter
§£ the radiometer with some reasonable time-coﬁstant, a decision Was made
to abandon. plans for a microwave sun tracker gnd to fabricate an optical.

tracker instead.

B. Optical Sun Tracker; The optical sun tracker was designed to

keep the antenna pointed at the sun with a miximum pointing error of one

-
*

minute of arc in any direction. The error sens.ing device consisted éf an
optical telescope and four photoconductive cells to provide error signals

for the feedback loop. The electronic circuitry consisted of two identical
channels (Figure IV-2): one for the right-ascension axis and one for the
declination axis, FEach channel consisted of a detector, a logic circuit,

and a power circuit, The power circuits controlled the stepping motors
which drove the antenna. The logic circuits determined the correct sequence
of voltages to be supplied to the stepping motors, and the detector circuits
converted the analog signais from the photoconductive cells into appropriate

inputs to the logic circuits.

1. Guide Telescope. The guide telescope (Figure IV-3) was manu-

factured by Optech Instruments in Monterey Park. It consisted of a 30-inch
Steel tube, a two-~inch diameter achromatic objective lens, and an achromatic
Barlow lens suitable to provide an effective focal length of 120 inches. An

iris diaphram was mounted in front of the objective lens. The Barlow lens

20



< Tel‘es'cvopye

T

" Photo Cellls
- | RA Detector —= Decl. Detector
RA Logic = —=1 Decl. Logic
RA Power [ = - Decl. Power
_________________ New Equipment
R A Motor Power Supply Decl. Motor

Figure IV-2. Block Diagram of Optical Sun Tracker.
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Ti‘wés‘moﬁht‘e‘d 1n a 1 25—mch diameief drrariv’r tﬁb‘e whiéh éoul& Be‘;.adjﬁs,ted with
"“;‘-gspect'tcl) e méiﬁvtéiés_cope>‘tube w‘itﬁ'a' faék and‘p’inio‘n.i The pho'i':oce‘l‘l -
rjhoﬁsing w;s attached to thi‘s draw tube. The qptiéalsystein fbrme‘d a(reazl ; -
"imagre, about‘ L. 125‘ inches in diamet;f, on the éhotoceil retaining plate.

: Beﬁind' the retaining plate foﬁr metal sliées, eéch of v&;hicﬁ had a pinhole, :
%ere used to selgct ligiat from e‘ach quarter of the limb of the solér image
for the four photocélls. Four coficave lenses were then used to focus the
light from each pinhole on one of the four photocells. A photograph of the
guide telescope is seen in Figtire IV-4, a closeup of the photocell housing

in Figure IV-5, and an overall view of the entire telescope syétem in Figure

IV-6.

2.7 Detector Circuits. The detector circulti received analog signals
from the photocells. These signals, co ns.i‘sting of voltages between -10 and.
+10 volts, were then convgrted into four binary output signals x,, x5, x,', and
x5, to drive> the logic circuits. A photograph of the detector circuit board

is seen in Figure IV-7.

3. Logic Circuits, The logic'circuit receiyed inputs x;, %, x,', and
%' from the detector circuits. A ‘high voltage for x, indicated that the R. A
stepping motor should move one step east. A high voltage for x,' indicated
tha-t the R. A. stepping motor should move one step west. X and x;' controlled
the declinatic;n stepping motor in a similar fashion. x,' was low whenever

kxi was high and x;' was low whenever x, was high. The stepping motors

23



fr i

%mﬁv%\

T

radons 59120 mmﬁﬁmu

3

.
w.\ue..

Al

Sa0

. N

T

argrs:

g

pEW

ORI




*asdosgeiel epiny yo Fuisnop (180

O30

"G AL sanftg

1
£
i
5

N,
I

o o n

s et

e h g g e

s e

o

e



ST I \ .
gy e, Wi e
L oy Vo mm USROS idalin st 5k AT

g,
5,

w

[P o

trpigaess ety

eaipn Ay ko

PINPRTRTEY. S AN

1
kS

P22



‘preog 1IN0 1030939¢T ‘L~ Al 2anBng

ot Syt

enn
I,
L .

" it oy
w&uéatx FLR

@ e
1 g an
1 E
A

27



: ope'i-atca'd:é,s folﬁlbwszr’ eitﬁer 'a +10 vdc ’o:! '-1.(; 'v't'ic‘ s{ghé.l“éould.ﬁe aijplied to‘

. eachof th‘e two motor windings. "I'hvla4s‘ there were foﬁr input corribinations: ‘
(+, +5, (+, ;), (-,-)s a’nd (-, '+). The bé.sic job o‘f the lyo’gic‘ circuits ‘wras to
- decide tl;e polarities of these voltages baseé updn ’the informatioz.:t supélied ‘by

x, and x,. A photograph of the logic circuit board is seen in Figure‘ Iv-8.

4, Power Circu‘its. The power circuits re;eived inputs w, and ;ng
from the logic circuits. These signals were used to determine the posrition
of a relay (see schematic diagfém in Figure IV-9) which selected the polarity
of the voltage supplied to the motor windings from the ﬁigh—powef supply.
The diodes across the relay prevented contact arcing. A photograph of the
power circuit board is seen in Figure IV-10.

5. Performance of the System. The optical sun tracker was found

. to perform within the design requirements of one-arcminute tracking error;
and 15 days of tracking data were obtained in accordance with the contract
task statement. It was found that the system worked with a clear sky or

with a light haze, but that patches of clouds would cause the system to lose
its lock on the sun whenever any portion of the sun's limb was obscured,
Under such circumstances a semi-automatic tracking mode was implemented,

‘during which manual corrections were applied to the sidereal tracking rate.

28
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V. OBSERVATIONAL PROGRAM

A; . Total Lunar;E‘clipse of 1‘2 April, 1968. The ré.dio felescopé Was
) mbved from the Goldstpne site to the Mesé Anténna Range at J’?L in earl?

. (. ' K
Dgcember, 1967. However, the system was not restored to its operating
éonditi;n until early in April, 1968. The moon was observed by S. Slobin‘
and D. Oltmans on several nights prior tb the eclipse, and the system -sensi-‘
fivify was found to have returne.d.to the excellent level it had attained the
previous October, Unfortuﬁatgly, on April 12, the skies were extremenly
overcgs't.in the Los Angeles area, making visible tracking impossible.

,Conéequently, the observations could not be carried out.

-B. Solar Observations - January to April, 1969. In accordance with

the requirements of the contract, the optical sun tracker was used to obtain
atmospheric absorption data during fifteen days in the first three months

of 1969. Because of unseasonably heavy rains, this program was consider-
ably delayed from its original schedule. As reported in the previous sections,
the sun tracker operated well within the design requirements. The data from

these observations are reduced and correlated with atmospheric parameters

in the following section,
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V1. DATA REDUGTION

A, Zenif;,h—Angle Program. In past observational'_ progzjams; the zeniih :
'v'angle of the ce_léstial objéct under ofq)servati‘on ‘Waé‘ determined di;ectly By
measuring it with a tfanéit. However, since the zéﬁith angle is a functioé of
’celestial éoordinates, time, and loce;l 1é.titude and Ioﬁgitude of the :adio tele-
scope, and since there was a shortage of manpower for‘ thé ébservations, a
computer program was written to compute the zenith angle of the sun from
the time of the observation and the solar coordinates as obtained from the

Nautical Almanac., This program is reproduced in the Appendix,

B. Reduction of Solar ﬁata. The solar data from fifteen days of
observations was reduced using a technique developed by Stelzried and Rusch8.
The resulting atfhospheric loss for each day is tabulated in Table Vl—i, to-
gether with the ground-level temperature and relative humidity at the time of
the measurement.

C. Atmospheric Loss Study. Stelzried9 has developéd a théory which

may be used to relate the 90-Ghz zenith loss with ground-level temperature
and humidity. It may be assumed that the zenith atmospheric loss A in dB is
separable into A, due to the total integrated oxygen content, and Aw’ due to

the total integrated wa‘ter—#apor content,

8 Stelzried, C.T. and W.V, T, Rusch, "Improved Determination of Atmos-
pheric Opacity from Radio Astronomy Measurements', Journal of Geophysical
Research, Vo. 72, No. 9, May 1, 1967, pp. 2445-2447,

Stelzried;, C.T., Private Communication
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-ZENITH =

“GROUND

LR - | GROUND
DATE___ATMOSPHERIC 1OSS PE TEMPERATURE HUMﬂ%TY‘
’_;14 "0.513dB_\  ;;,Ol3dﬁ : ’_83°F § " 4 o 340,
i 1157 2007 o 61,
1/18 0.7176 L111 54 70
1/30 0.619 . 094 57 33
2/1 0.265 .016 64 38
2/8 0.586 . 005 68 22
2/27 0.239 . 164 62 51
3/1 0.300 .003 64 31
3/6 0. 660 .018 58 27
3/13 0.410 .010 55 37
3/15 0.415 . 005 70 22
13720 0.678 .014 - 67 60
3/22 0. 567 . 005 72 36
3/27 0.545 . 008 85 10
3/29 0.376 .024 84 38

TABLE VI-1

Atmospheric Data from 90-GHz Solar Observations.
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Thus:
A=A +A (VI-1)
o w .
The oxygen loss has been determined to be about 0,28 dB®. It may then be
assumed that the water-vapor loss is related to the density of water vapor at

ground level by the relation
A'VV N Awr (’519-—— }C" (V1-2)

where. Awr is the water-vapor loss of a reference atmosphere of

temperature"I‘r and humidity H_
p is the actual ground-level density of water vapor, g/m®

p, is the ground-level density of water vapor of the reference

atmosphere.

a is a parameter relating the loss to the water-vapor content

in accordance with the above equation.

Stelzried has empirically determined that in the range from 32 to 100°F

the water density in saturated air is related to the temperature by

= 1.8722 + 7.4970 x 10'3r+ 2.7799 x 10 312 - 1.2069

(VI-3)
x 107513 + 2.7390 x 10-7T4

where the temperature is given in degrees Fahrenheit. The water=vapor content

pand p. are related to the content in saturated air by the relation

H

1OSI'lirnabukuro, F.I., "Propagation Through the Atmosphere at a Wavelength

of 3.3 Mm', IEEE Transactlons on Antennas and Propagation, Vol AP-14,
No. 2, March 1966, p. 228,
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8 whefe H is the humidifty in pércént, Equations (VI-3) and (VI-4) are then ﬁsed
to determine p(T,’ H) and V‘ch(Tr, H,) for inclusion in equatioﬁ (VIi-2). |
'i‘he remaining. param‘é“ters in equation (VI-2), Ay, and a, may be
: detern-*lined by minimiziﬁg the variance between the theoretical and measured
values. This has been done for the 15-days of solar data tabulated in Table VI-1
with the result that | |

a=o0.28+0.240 % aB (VI-5)
where the temperature of the reference atmosphere has been chosen to be
60"F and the humidity to be:40 percent. The variance obtained in the statistical
determination of the above equation was 0,05 dB.

The advantage of the above result is that it does not require information
concerning the water-vapor content (or temperature and humidity) above ground
level. The ground-level values are easily determined with conventional instru-
ments. It should be emphasized. that equation .(VI-S), or an equivalent equation
based upon considerably more data, is only valid for one particular season
and geographical_ location and should not be expected to provide accurate infor.-
mation at other seasons and/or sites. ﬁéwever, once su;h an equatiop has
been accurately determined for a particular site, considerable advantage can

be derived from its use rather than the conventional extinction-curve technique.
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APPENDIX

FORTRAN IV COMPUTER PROGRAM
TO COMPUTE ZENITH ANGLE
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